The goal of this study was to determine the timing of Leptospira dissemination after infection using natural physiologic routes and its correlation with signs and symptoms of leptospirosis. Groups of C3H-HeJ mice were sub-lethally infected through exposure of a dermis wound and the oral mucosa to L. interrogans serovar Copenhageni, and compared to mice infected via standard laboratory practice of intraperitoneal inoculation.
INTRODUCTION
Zoonotic diseases are a major concern to human health even in the current modern era of medical and scientific advancement. Leptospirosis, caused by pathogenic Leptospira sp. is a neglected emerging zoonotic disease prevalent in industrialized urban, suburban, and rural regions, and is endemic to areas with tropical and temperate climate.
It is well established that pathogenic Leptospira sp. have a wide range of vertebrate animals as its reservoir host, most of which are asymptomatic carriers. Humans are incidental hosts. Rodents, specifically rats and mice, are the main carrier hosts that contaminate water and soil with their urine (1) . Humans acquire infection after exposure to contaminated sources through cuts and scrapes in the skin and mucous membranes or consumption of contaminated food. Symptoms can range from asymptomatic to mild febrile illness culminating in multi-organ failure, if left untreated (2).
Our current understanding of Leptospira sp. pathogenesis and virulence factors derives from studying laboratory animals, specifically the acute state of infection through intraperitoneal inoculation of hamsters (3), (4), (5) , (6) , (7), (8). Rats have been used to study chronic infection (9), (10). Mice have been used to evaluate acute lethal and sublethal infections (11), (12), (13), (14) , (15) , (16). Exposure to Leptospira under physiological conditions, i.e. the penetration of Leptospira through skin and mucosa, was recently evaluated in rats (17) and in mice (18) .
In this study we used the sublethal mouse model to evaluate dissemination of L.
interrogans after inoculation using two natural physiological routes (oral mucosa and transdermal) compared to the standard laboratory practice of intraperitoneal infection.
Our goal was to correlate clinical signs disease progression after natural infection with pathogen burden in biological fluids and with measurable biomarkers of disease severity.
MATERIALS AND METHODS

Bacterial strains. We used Leptospira interrogans serovar Copenhageni (LIC) strain
Fiocruz L1-130, originally isolated from a patient in Brazil and passaged in hamster (passages number 3 and 4). L. interrogans was cultured as previously described (18) and enumerated by dark-field microscopy (Zeiss USA, Hawthorne, NY), and by StepOne Plus qPCR system (Life Technologies, Grand Island, NY).
Animals. Female, 10-week old, C3H/HeJ mice were used for transdermal and intraperitoneal studies. Mice were purchased from The Jackson Laboratories (Bar Harbor, ME) and acclimatized for one week at the pathogen-free environment in the Laboratory Animal Care Unit of the University of Tennessee Health Science Center.
Ethics statement. This study was carried out in accordance with the Guide for the Care and Use of Laboratory Animals of the NIH. The protocols were approved by the University of Tennessee Health Science Center (UTHSC) Institutional Animal Care and Use Committee, Animal Care Protocol Application, Permit Number 14-018.
Infection of mice.
Intraperitoneal infection was done as described previously using a dose of ~10 8 L. interrogans serovar Copenhageni FioCruz in sterile PBS. For transdermal infection, a wound was generated on the back of anesthetized mice. One square inch area on the lower back was shaved and the exposed skin was scraped with a sterile razor just enough to create a superficial wound (no bleeding). Subsequently, 50-100 μl of L.
interrogans culture (~10 8 cells) was applied on the transdermal wound and covered using an occlusive bandage. The protective bandage was removed the next day. For oral mucosa infection, the same amount of L. interrogans were deposited in the buccal cavity.
Groups of mice inoculated with endotoxin free PBS (Dulbecco) into the peritoneum (IP Ctrl), into the buccal cavity (OM Ctrl) and deposited on the transdermal wound (TD Ctrl)
were kept as negative controls. Body weight and temperature ( o C) were monitored daily and urine was also collected on a daily basis for 15 days post infection. Blood (up to 20 μl) was collected every other day by tail nick for 15 days post infection. At termination, kidneys were collected for quantification and culture of spirochetes, and for quantification of inflammatory transcripts. Spleen from mice infected via transdermal route was also collected at termination and processed for FACS analysis as described (15) .
ELISA. Concentration of immunoglobulin IgM, IgG, IgG1, and IgG2a in mouse serum was determined using Ready-Set-Go ELISA kits (eBioscience). Leptospira-specific-IgM andIgG antibodies were detected in serum of infected mice against heat-killed Leptospira coated on microplate wells at a concentration of 4mg/ml.
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RT-PCR, and q-PCR. DNA was extracted per the manufacturers' instructions from urine, blood, and kidney using a NucleoSpin tissue kit (Clontech). Quantification of Leptospira was done using TAMRA probe and primers from Eurofins (Huntsville, AL) by real-time PCR (qPCR) (StepOne Plus). RNeasy mini kit (Qiagen) was used to extract total RNA followed by reverse transcription using a high-capacity cDNA reverse transcription kit (Applied Biosystems). Real-time PCR on the cDNA was performed as described (15 ) in IP and TD infected mice, whereas no spirochetes were detected in controls or in mice infected via the oral mucosa (OM) (Fig. 3A) . We confirmed the viability of the spirochetes quantified in the infected kidney, by culturing the tissue at 30°C in EMJH. Samples collected from cultures at d0, d3 and d8 post kidney tissue inoculation (d0) showed a growth curve of increasing numbers of cells for tissue collected from mice infected via IP and TD but not for tissue harvested from controls or mice infected via OM (Fig. 3B) .
RESULTS
Mice
Transcription of pro-inflammatory mediators and fibrosis markers in kidney following transdermal (TD) and oral mucosa (OM) infection. Analysis of pro-
inflammatory mRNA showed significant increases of innate response mediators (CxCL1/KC, CxCL2/MIP-2, CCL5/RANTES, TNF-α) and Th1 IFN-γ in kidneys from mice infected via TD and IP but not in mice infected via OM or from controls (Ctrl). Differences for all pro-inflammatory markers were statistically significant (Fig. 4) . Analysis of inflammatory and fibrosis mediators, inducible nitric oxide (iNOS) and fibroblast activation marker collagen A1 (ColA1), were not different between kidneys from mice infected via IP, OM and TD or from controls (Ctrl).
B and T cell response to L. interrogans following transdermal infection.
Quantification of total immunoglobulin (Ig) by ELISA showed ~1358 μg/ml of IgM and ~ 1221 μg/ml IgG which was isotyped into 722 μg/ml of IgG1 and 144 μg/ml of IgG2a. We confirmed that increased concentrations of immunoglobulins were Leptospira specific by testing the same serum against heat-killed Leptospira coated on ELISA plates (Fig. S1A) .
Analysis of T cell populations isolated from spleen from infected (TD) and uninfected (Ctrl) mice showed that although there was no significant increase of CD4+ splenocytes in comparison to the wound control there was a reduction of CD8+ cytotoxic T cells ( We characterized a mouse model of sublethal infection using C3H-HeJ inoculated with 10 6 L. interrogans serovar Copenhageni FioCruz after 10 weeks of age, via the standard laboratory practice intraperitoneal route (15) . As follow up, we tested a natural enzootic route of infection (conjunctival, CJ) and we found that a much higher dose of spirochetes (~10 8 ) was necessary to produce disseminated infection (18) . In the study reported here, we evaluated how natural exposure of C3H-HeJ to L. interrogans ser.
Copenhageni via two physiologic routes recapitulate Leptospirosis progression as compared to the standard laboratory practice of intraperitoneal infection. We used equivalent doses of the same pathogenic serovar of Leptospira for transdermal, oral mucosa and intraperitoneal inoculations. We found that transdermal inoculation of L.
interrogans resulted in bacterial dissemination in blood which was followed by kidney colonization and shedding in urine as observed previously for IP (15) and CJ (18) infections, whereas infection through the oral mucosa did not result in bacterial dissemination or tissue colonization. Of note, the side by side comparison of IP and TD infections using the same infectious dose (~10 8 ) resulted in distinct timings of bacterial dissemination, with IP infection leading to immediate dissemination in blood (d1-d8) and TD infection leading to dissemination 6 days post infection (d6-d13), which was similar to the timing observed after infection with 10 8 Leptospira through the conjunctival route (18) .
Colonization of the kidney and shedding in urine happened in the second week of infection in all cases. Furthermore, the overlapping window between the two phases (blood dissemination and urine shedding) in mice infected transdermally was nearly twice as large as the observed for IP infection using the same dose, which is consistent with our observation when we used another physiologic route of bacterial infection, the conjunctival route (18) . Over the course of three studies ( (15), (18) and current) we also observed that the timing of exit of Leptospira from blood and establishment of colonization of the kidney in the second week of infection correlated well with weight loss, but not with hypothermia, independently of route of infection. Thus, we are confident that weight loss can be used to monitor pathogenic Leptospira dissemination and disease stage in mice.
When we analyzed the kidneys of infected (TD) mice with PAS-D stain we observed reduced glomerular sizes and higher immune cell infiltration as well as moderate interstitial nephritis in the infected kidneys than in the wound control. Silver staining showed the presence of healthy coiled L. interrogans clusters within the renal tubules, which were proven viable after culture from the kidneys into EMJH medium.
These results were not different than our observations using the IP (15) Total Ig Leptospira speci c Ig
